Magnetic studies of multi-walled carbon nanotube mats: Evidence for the 

paramagnetic Meissner effect 
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We report magnetic measurements up to 1200 K on multi-walled carbon nanotube mats using 
Quantum Design vibrating sample magnetometer. Extensive magnetic data consistently show two 
ferrromagnetic-like transitions at about 1000 K and 1275 K, respectively. The lower transition 
at about 1000 K is associated with an Fe impurity phase and its saturation magnetization is in 
quantitative agreement with the Fe concentration measured by an inductively coupled plasma mass 
spectrometer. On the other hand, the saturation magnetization for the higher transition phase (>1.0 
emu/g) is about four orders of magnitude larger than that expected from the measured concentration 
of Co or CoFe, which has a high enough Curie temperature to explain this high transition. We 
show that this transition at about 1275 K is not consistent with a magnetic proximity effect of 
Fe-carbon systems and ferromagnetism of any carbon-based materials or magnetic impurities but 
with the paramagnetic Meissner effect due to the existence of tt Josephson junctions in a granular 
superconductor. 



There are reports of weak ferromagnetism in graphite 
and carbon-based materials well above room tempera- 
ture P, 0, 0, 0, 01 , as well as a theoretical prediction of 
a ferromagnetic instability in graphene sheets [6]. It is 
unclear whether the high-temperature ferromagnetism is 
intrinsic or simply caused by contamination of magnetic 
impurities [7]. There are also several reports of high- 
temperature superconductivity in carbon films M,M , car- 
bon nanotub es [lol . [ill . [l^ , and graphite 0, H, Il3l|. Gon- 
zalez et al. [ij] show that both high-temperature fer- 
romagnetic and p-wave superconducting instabilities can 
occur in defective regions of graphite, where topological 
disorder enhances the density of states. Schrieffer [T^ 
predicts ultra-high temperature superconductivity at a 
quantum critical point where ferromagnetic fluctuations 
are the strongest. 

Here we report magnetic measurements up to 1200 K 
on multi-walled carbon nanotube mats, our extensive 
magnetic data consistently show two ferrromagnetic-like 
transitions at about 1000 K and 1275 K, respectively. 
We show that the lower transition transition at about 
1000 K is associated with an Fe impurity phase while 
the transition at about 1275 K is not consistent with a 
magnetic proximity effect in Fe-carbon systems and fer- 
romagnetism of any carbon-based materials or magnetic 
impurities but with the paramagnetic Meissner effect due 
to the existence of tt Josephson junctions in a granular 
superconductor. 

Purified multi- walled nanotube (MWNT) mat samples 
are obtained from SES Research of Houston. Two dif- 
ferent samples (Lot #'s RS0656 and RS0657) were pre- 
pared by chemical vapor deposition using an iron cat- 
alyst. By burning off carbon-based materials in air, 
we find the weights of the residuals to be 2.25% and 
1.725% for RS0656 and RS0657, respectively. On the 
assumption that the residual contains Fe203, ComOn, 
and NipOg (where m, n, p, and q are integers), we de- 
termine the relative metal concentrations of the resid- 
ual using a Perkin-Elmer Elan-DRCe inductively coupled 



plasma mass spectrometer (ICP-MS). Since the Co and 
Ni concentrations are negligibly small, the relative metal 
contents are nearly independent of the valences of Co 
and Ni we choose for their oxides. From the ICP-MS re- 
sult and the weight of the residual, we obtain the metal- 
based magnetic impurity concentrations (ppm in weight) 
for RS0656: Fe = 5342.4, Co = 0.5, Ni = 13.7; and for 
RS0657: Fe = 6940.8, Co = 36.1, Ni = 20.5. 
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FIG. 1: Temperature dependence of the susceptibility in a 
field of 2 Oe for a virgin MWNT mat sample (RS0657). 

Magnetization was measured by a Quantum Design vi- 
brating sample magnetometer (VSM). The absolute un- 
certainty of the temperature is less than 10 K, as checked 
by the Curie temperatures of both Ni and Fe. Fig. 1 
shows the temperature dependence of the susceptibil- 
ity in a field of 2 Oe for a virgin MWNT mat sample 
(RS0657). This virgin sample was inserted into the sam- 
ple chamber without going through the linear motor used 
for vibrating the sample. A 2 Oe field (using the ultra- 
low field option) was then applied after the sample was 
inserted. From the warming data, we clearly see a dip 
feature at about 833 K, which is caused by the compet- 
ing effect of the ferrimagnetic transition at about 860 K 
for the Fe3 04 impurity phase and the decomposition of 
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Fe304 into the higher Curie temperature a-Fe phase due 
to the high vacuum inside the sample chamber (better 
than 9xl0~^ torr). From the subsequent coohng and 
warming data, we see that the Curie temperature (Tc) 
of the Fe impurity is about 1000 K, which is lower than 
that (1047 K) for the bulk pure a-Fe. This is possibly due 
to the doping of carbon into Fe, which can significantly 
lower the Tc value 1(|. 

From Figure 1, it is also apparent that the substantial 
low-field susceptibility (about 2.3x10^^ emu/g) persists 
up to 1100 K, which could arise from ferromagnetism of 
the Co or CoFe impurity phase. It is interesting that 
the same magnitude of the paramagnetic susceptibility 
is also seen in sample RS0656 where the Co concentra- 
tion is only 0.5 ppm. The concentration of Co (0.5 ppm) 
or CoFe (about 1 ppm) is over three orders of magnitude 
too small to explain the measured paramagnetic suscep- 
tibility. Therefore, the observed large paramagnetic sus- 
ceptibility well above the Tc of the Fe impurity phase 
should originate from ferromagnetism of a carbon-based 
phase or from the paramagnetic Meissner effect due to 
superconductivity. 
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FIG. 2: Magnetic hysteresis loops at 320 K (a) and 1100 K 
(b) for sample RS0657. The coercivity He is about 140 Oe 
at 320 K and negligibly small at 1100 K. 

In Figure 2, we plot the magnetic hysteresis loops at 
320 K and 1100 K, which were measured after the above 
low-field measurements. The coercivity He is about 140 
Oe at 320 K while it becomes negligibly small at 1100 K. 
The saturation magnetizations Ms at 320 K and 1100 K 



are 1.66 emu/g and 0.63 emu/g, respectively. It is clear 
that the saturation magnetization at 1100 K is substan- 
tial, indicating a second magnetic transition above 1100 
K. This second ultra-high temperature ferromagnetic-like 
(UHTFL) phase cannot be associated with the Co (or 
CoFe) impurity whose concentration is only 36.1 ppm 
(or 72 ppm) in this sample. Such a small Co or CoFe 
impurity concentration can contribute a saturation mag- 
netization of <1.0xl0~^ emu/g (see [l7|), which is about 
two orders of magnitude smaller than the measured value 
(0.63 emu/g). For sample RS0656, which contains 5342.4 
ppm Fe impurity and 0.5 ppm Co impurity, the Ms val- 
ues at 320 K and 1100 K are 1.60 emu/g and 0.59 emu/g, 
respectively, which are very similar to those for sample 
RS0657. The measured Ms at 1100 K for sample RS0656 
is about four orders of magnitude larger than the value 
expected from the measured Co or CoFe impurity con- 
centration. This definitively excludes the Co or CoFe 
impurity from being the origin of the UHTFL phase. 
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FIG. 3; a) Temperature dependence of the magnetization in 
a field of 20 kOe for a virgin MWNT mat sample (RS0657). 
The temperature dependence of the magnetization in 20 kOe 
should be similar to that of the saturation magnetization 
(Ms). The solid line is a fit using the curve of A4s{T)/Ms{0) 
versus T /Tc for Ni, appropriately scaled to Tc ~ 1275 K. b) 
Temperature dependence of the magnetization in a field of 20 
kOe for a thermally annealed sample of RS0657. This sample 
was annealed in air at 480 °C for about 5 minutes. 

Since the magnetization in 20 kOe is close to the satu- 
ration magnetization (see Fig. 2), the temperature depen- 
dence of the saturation magnetization can be simulated 
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by the temperature dependence of the magnetization in 
20 kOe. In Fig. 3a, we plot the temperature dependence 
of the magnetization in a field of 20 kOe for another virgin 
sample of RSG657. One can clearly see that the magne- 
tization above the Curie temperature of the Fe impurity 
phase is large up to 1200 K, implying that the transition 
temperature of the UHTFL phase is higher than 1200 K. 
If we assume that the curve of Ms{T)/Ms{Q) versus T/Tc 
for this UHTFL phase is the same as that for Ni (see the 
sofid line), we find Tc and Afs(O) to be 1275 K and 0.97 
emu/g respectively. Then the saturation magnetization 
at 320 K contributed from the Fe impurity phase is 0.57 
emu/g. 

In Figure 3b, we show the temperature dependence of 
the magnetization in a field of 20 kOe for a thermally an- 
nealed sample of RS0657. This sample was annealed in 
air at 480 °C for about 5 minutes and its mass was mea- 
sured about 1 hour after it was cooled down to room tem- 
perature. The mass of the annealed sample was found to 
be smaller than that of the pristine sample by 2%. This 
mass decrease may be due to the removal of amorphous 
carbon and/or the outershells of MWNTs. The data were 
taken after an M-H loop was measured at 1100 K so that 
all the Fe oxides had been converted to a-Fe in such a 
high vacuum and temperature. It is remarkable that the 
magnetization at 1100 K is reduced by one order of mag- 
nitude compared with that for the pristine sample (see 
Fig. 3a) while the magnetization at 320 K increases by 
10%. 

Figure 4 shows the temperature dependence of the 
magnetization in a field of 20 kOe for the residual of sam- 
ple RS0657, which was obtained by burning off carbon- 
based materials in air at 550 °C for about 10 minutes. 
The data were similarly taken after an M-H loop was 
measured at 1100 K. The specific magnetization was cal- 
culated using the mass of the pristine MWNT mat sam- 
ple. As indicated by the arrow, the ferromagnetic tran- 
sition temperature is about 1037 K which is the same as 
the Tc of a-Fe if one considers a thermal lag of about 10 
K. It is striking that the magnetization of the residual 
at 320 K is three times smaller than that for the an- 
nealed sample containing MWNT mats (Fig. 3b). This 
implies a giant enhancement of the magnetization of the 
Fe impurity due to the proximity to MWNTs. Moreover, 
we have independently shown that the Fe-based impu- 
rity phase in virgin samples is Fe3 04. If only this Fe3 04 
impurity phase is magnetic, the upper limit of the room- 
temperature Ms value for sample RS0656 is calculated to 
be 0.68 emu/g using the room-temperature Ms value (92 
emu/g) of the bulk Fe304 and the inferred Fe304 con- 
centration (7372.5 ppm) from the metal-based Fe con- 
centration (5342.4 ppm). This upper limit of the room- 
temperature Ms value due to the Fe304 impurity phase 
is about one third of the measured value (1.60 emu/g). 
It is interesting that such a giant enhancement of the 
moment was also observed in one of the Canyon Diablo 
graphite nodule samples (see the results for sample 1.1 



ofRef. [13). 
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FIG. 4: Temperature dependence of the magnetization in a 
field of 20 kOe for the residual of sample RS0657, which was 
obtained by burning off carbon-based materials in air at 550 
°C for about 10 minutes. 

From M-H loop measurements of the residual, we find 
the saturation magnetizations at 320 K and 1100 K to 
be 0.52 emu/g and 4.5x10^"^ emu/g, respectively. The 
Ms value of the a-Fe impurity at 320 K inferred from 
the data of the residual is in excellent agreement with 
that (0.57 emu/g) inferred from the data of the pristine 
sample (Fig. 3a). If we calculate Mg using the mass 
of the Fe impurity in the residual, we find Ms to be 
74.9 emu per gram of Fe in agreement with the value 
used in Ref. [l8|. Our magnetic measurements on Fe304 
nanoparticles with an average diameter of 40-60 nm also 
show that Ms — 77.0 emu per gram of Fe at 320 K af- 
ter the decomposition of Fe304 into Fe through ther- 
mal cycling up to 1100 K in high vacuum. This im- 
plies that the Als value of Fe nanoparticles is significantly 
smaller than the bulk value (~200 emu/g), which could 
be caused by spin disorder on the surface of nanoparti- 
cles [l^. Moreover, the measured Ms value at 1100 K 
(4.5x10"'^ emu/g) is nearly the same as the Ms value at 
1100 K (4.5xl0~^ emu/g) expected from the measured 
Co impurity concentration (36.1 ppm) [l3|. Such excel- 
lent consistencies between the magnetic data of the resid- 
ual and the ICP-MS results further demonstrate that the 
UHTFL phase seen in Fig. 1, Fig. 2b, and Fig. 3a is not 
associated with any magnetic impurity phase. 

Now we discuss the origin of the UHTFL phase and 
the giant enhancement of the magnetization of the Fe 
impurity. The UHTFL phase and related giant moment 
enhancement of the Fe impurity could arise from mag- 
netic proximity between Fe nanoparticles and MWNTs 
[l8| . However, this picture cannot consistently explain 
the results shown in Fig. 3 and Fig. 4. Annealing the 
sample in 480 ° C may destroy the proximity effect so that 
the UHTFL phase is converted to the isolated Fe impu- 
rity phase. The converted Fe phase should have a much 
smaller saturation magnetization than the coupled Fe- 
MWNT phase which contains extra proximity-induced 
moments in MWNTs. The fact that no reduction of the 
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Ms value at 320 K is found in the annealed sample argues 
against this interpretation. Further, the observed 90% 
decrease in the saturation magnetization at 1100 K im- 
plies that the coupled Fe-MWNT phase in the annealed 
sample would have been destroyed by about 90% so that 
the Ms value at 320 K for the annealed sample would be 
slightly larger than that for the residual sample with no 
proximity effect. However, the Ms value at 320 K for the 
annealed sample (Fig. 3b) is over three times larger than 
that for the residual sample (Fig. 4), which makes the 
above interpretation very unlikely. Another possibility 
is that the UHTFL phase is related to ferromagnetism 
of an unknown carbon-based material (e.g., amorphous 
carbon). Such a high Curie temperature (1275 K) for a 
carbon-based material would be very remarkable. An- 
nealing the sample in air up to 480 °C removes amor- 
phous carbon, and the observed 90% decrease in the sat- 
uration magnetization at 1100 K appears to indicate that 
the UHTFL phase could be related to amorphous carbon. 
However, if this interpretation were correct, the Ms value 
at 320 K would also be reduced to about 0.6 emu/g, in 
sharp contrast to the measured value (1.7 emu/g). A 
third possibility is that MWNTs are ferromagnetic with 
an ultra-high Curie temperature (1275 K). This is also 
very unlikely unless, per Fig. 3b, the annealing proce- 
dure causes the Curie temperature of the MWNTs to be 
exactly the same as that of the Fe impurity phase. 

It is clear that one cannot consistently explain our 
present data based on the magnetic proximity effect and 
the ultra-high temperature ferromagnetism of unknown 
carbon-based phases, MWNTs, or magnetic impurities. 
Alternatively, if MWNTs are superconducting, a MWNT 
mat should be a granular superconductor. The existence 
of magnetic impurities in the Josephson network should 
lead to the formation of tt jun ctions with a negative 
Josephson coupling energy J [20| ■ If the critical current 
is large enough, an odd number of tt junctions within a 
loop generates a spontaneous orbital moment associated 
with the circulation current around the loop 
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The interaction of these orbital moments can lead to 



ferromagnetic-like ordering (orbital ferromagnetism) [21 1 . 
Since the diameter of nanotubes is comparable to the 
magnetic penetration depth [loj , the diamagnetic Meiss- 
ner effect is negligibly small so that magnetic field can 
enter into the Josephson-coupled network even in a zero- 
field-cooled condition. Because the Josephson-coupled 
loops in MWNT mats should be much smaller than those 
in the network made of conventional superconductors or 
cuprate superconductors and because orbital moments 
are inversely proportional to loop areas [2l|, the orbital 
moments in MWNT mats should be significantly larger. 
Since tt junctions can be formed even if the impurities 
are not in the ferromagnetic state [l^l , the ferromagnetic- 
like ordering of the orbital moments can occur above the 
Curie temperature of the magnetic impurities. This can 
explain the data shown in Fig. 3a. On the other hand, 
if the Josephson coupling and critical current are sub- 



stantially reduced by the removal of the outershells of 
MWNTs after anneahng in air at 480 °C, the density of 
the TT junctions and thus the orbital moments are sig- 
nificantly reduced above Tc of the magnetic impurities. 
However, ferromagnetic ordering of magnetic impurities 
below Tc can greatly enhance the critical current due to 
an increase of the pinning force, as seen in conventional 
superconductors [23| . This will sharply increase both the 
density of the tt junctions and the orbital moments just 
below Tc- This picture can naturally explain the result 
in Fig. 3b. If this interpretaion is correct, our present re- 
sults imply ultra-high temperature superconductivity in 
our MWNT mat samples, in agreement with theoretical 
predictions IJ, ll5| . 
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